Introduction
============

Current cancer chemotherapeutics are usually administered systemically, and affect not only the tumor but also healthy tissues, causing severe side effects. For this reason, targeted therapeutics have been designed to specifically localize in tumors [@B1]-[@B4]. This "magic bullet" approach typically involves the conjugation of a drug to a targeting ligand that specifically binds to a protein receptor overexpressed on cancer cells [@B5]-[@B8]. Most recently, the development of targeted nanotherapeutics promises to facilitate the delivery and accumulation of drugs in tumors that overexpress a particular cell-surface protein [@B9]-[@B12]. One of the main problems with targeted drug nanotherapeutics is that they can target the same cell surface protein on healthy cells or non-specifically accumulate in lymph nodes, liver and spleen, resulting in significant toxicity [@B13]-[@B15]. In addition, circulating macrophages and other cells of the immune system can uptake a significant amount of these nanotherapeutics, inducing cell death and affecting the immune system [@B16]-[@B19]. This non-selective cytotoxicity can be addressed by packaging a therapeutic drug that specifically affects the unique cancer biology of tumors, inducing selective killing only to tumor cells. For these reasons, a nanoparticle that specifically targets tumors via unique cancer cell-surface receptors, while encapsulating a cancer-specific therapeutic agent that is selectively cytotoxic only to cancer cells and non-toxic to normal tissue would result in an improved therapy for cancer. We hypothesized that this two-way tumor targeting approach on a nanotherapeutic agent would increase targeted tumor regression while minimizing size affects.

Recently, we reported the discovery of a cytotoxic peptide (CT20p; sequence VTIFVAGVLTASLTIWKKMG), based on the C-terminal α9 helix of Bax, which induced cell death by a different mechanism from the parent Bax protein [@B20]. Treatment of cells with CT20p lead to significant morphological changes associated with altered cytoskeletal dynamics, which included impairing mitochondrial movement and actin polymerization [@B21]. It was also found that the peptide has the potential to impair cancer cell invasiveness in a breast cancer model. This involved reduced cancer cell migration and loss of cell adhesion, leading to detachment and cell death in cancer cells [@B22]. These results were not observed with a control epithelial cell line, indicating that the lethal activity of the peptide was cancer-cell-specific. To explain the selective toxicity of CT20p, we recently identified chaperonin containing TCP-1 (CCT) as the intracellular target of CT20p [@B22]. CCT is a large macromolecular complex composed of eight subunits (CCTα, CCTβ, CCTγ, CCTδ, etc.) responsible for folding 5-10% of the cell proteome, and it is the essential chaperone for folding actin and tubulin into their native forms. CCT inhibition results in the changes in cytoskeletal dynamics and inhibition of actin and tubulin polymerization that we observed in CT20p-treated cells [@B21]-[@B22]. Our studies and that of others have reported that CCT is overexpressed in cancer cells and could be an indicator of cancer progression and metastasis [@B23]-[@B26], which makes it a novel target for cancer therapeutics. Interestingly, the cytotoxicity of CT20p in breast cancer cells correlated with the levels of CCT, which was decreased by comparison in normal breast epithelial cells [@B22].

The *in vivo* delivery of CT20p to tumor cells is challenging, due to the peptide\'s hydrophobicity, poor stability in serum, inefficient cancer cell uptake and unfavorable pharmacokinetics. Encapsulation of CT20p into a hyperbranched polymeric nanocarrier (HBPE) facilitated the delivery of the peptide to breast cancer tumors via the enhanced permeability and retention (EPR) effect.[@B20] HBPE nanocarriers protected CT20p while in circulation, releasing the peptide only in the acidic conditions of intracellular vesicles or by esterases found within cells. However, as EPR is not an efficient delivery approach for most primary tumors and even less for micro-metastasis, we reasoned that a specific tumor targeting of the HBPE(CT20p) nanocarrier would facilitate the specific delivery of CT20p in higher concentration to a tumor, resulting in an improved therapeutic effect. To test our hypothesis, we chose the prostate-specific membrane antigen (PSMA), a cell-membrane protein that is highly expressed in prostate cancer (PCa), as a target protein receptor to deliver CT20p. PSMA expression increases with PCa progression, providing an excellent target for treatment, especially for the more aggressive forms of the disease [@B27]-[@B31]. Although high levels of PSMA have also been found on PCa metastasis, no significant amounts were measured in accessible healthy tissues, making this target attractive for the treatment of metastatic PCa [@B27], [@B32], [@B33]. PSMA exhibits a dual enzymatic function as a glutamate carboxypeptidase and folate hydrolase, cleaving the amide bond of *N*-acetyl aspartylglutamate and hydrolyzing extracellular polyglutamated folate to mono-glutamic folic acid that can then be utilized by cells [@B28]. Furthermore, it has been proposed that upregulation of PSMA might provide PCa cells with a growth advantage, and implicate PSMA in the metabolism of polyglutamated folates and the subsequent uptake of folates [@B34], [@B35]. Folic acid, a high affinity ligand for the folate receptor (FR), retains its receptor binding and endocytosis properties when covalently linked to wide variety of molecules and nanoparticles [@B8], [@B36]-[@B40]. Therefore, we reasoned that folate-conjugating nanoparticles could be used as PSMA-targeted nanocarriers for the delivery of a therapeutic peptide to PSMA-positive PCa cells, inducing selective cancer cell death. Furthermore, as the nanocarrier can also be encapsulated with a near infrared fluorescent dye, a theranostic agent that reports on its tumor localization by fluorescence imaging can be achieved.

Herein we report the use of folate-conjugated polymeric nanoparticles as nanocarriers for the targeted delivery of a cancer-specific therapeutic peptide to prostate cancer via PSMA. The resulting PSMA-targeting nanocarrier is perfectly suited to facilitate the specific delivery of CT20p as the peptide can be encapsulated within the HBPE nanoparticles hydrophobic cavities. Furthermore, the free carboxylic groups on the nanocarrier\'s surface can be conjugated with folic acid**,**producing a multivalent agent that incorporates both therapy and targeting. First, we validated the use of folic acid as a PSMA-targeting ligand using an activatable fluorescent folate conjugate recently described by us. Upon incubation with PSMA-expressing PCa cells, the probe entered the cells, fluorescently labeling them. The use of folate to target PSMA was further validated using folate-conjugated nanoparticles that encapsulate a fluorescent dye Folate-HBPE(DiI). These PSMA-targeted nanocarriers were able to fluorescently label PSMA-expressing cells. When these nanocarriers were encapsulated with CT20p \[Folate-HBPE (CT20p)\], selective cytotoxicity was observed in cells that express PSMA. The Folate-HBPE(CT20p) nanocarrier did not cause cell death to macrophages, further indicating the cancer-specific therapeutic value of CT20p. In addition, treatment of the PSMA-expressing cells with the Folate-HBPE(CT20p) NPs induced cell detachment and decreased expression of β1 integrin, a surface protein that has been implicated in the potential of PCa to metastasize. Finally, studies using mice tumor xenografts showed that Folate-HBPE nanocarriers can specifically deliver CT20p to PSMA expressing prostate cancer tumors, achieving increased tumor regression compared non-targeted nanocarriers. Taken together, our data showed the feasibility of delivering a therapeutic, cancer-specific, peptide to prostate cancer via PSMA, achieving specific cancer cell detachment, cell death and tumor regression.

Results
=======

Validation of folate as a ligand to target PSMA in PCa cells using an activatable Folate-S-S-Doxorubicin probe
--------------------------------------------------------------------------------------------------------------

To validate the use of folate as a potential ligand to target PSMA, we used an activatable Folate-S-S-Doxorubicin fluorescent probe, which has been previously described by us.[@B8] The probe consists of folic acid conjugated to doxorubicin (Doxo) via a disulfide bond (**Figure [1](#F1){ref-type="fig"}A**), and was designed to have the fluorescence of Doxo quenched (OFF-state) by the proximity of folate. Upon binding and internalization, the disulfide bond within the Folate-S-S-Doxo probe is cleaved by intracellular glutathione and the fluorescence of Doxo is regained (ON-state), fluorescently labeling the cell\'s cytoplasm and indicating successful internalization of the probe (**Figure [1](#F1){ref-type="fig"}B**). We therefore hypothesized that if PSMA facilitates the internalization of a folate-containing probes, it would facilitate the binding, internalization and activation of Folate-S-S-Doxo on PSMA expressing PCa cells. To test this hypothesis, we incubated LNCaP, a PCa cell line that expresses PSMA with the Folate-S-S-Doxo probe. Results showed a significant amount of fluorescence in the cytoplasm of the cells within 12 hours of incubation (**Figure [1](#F1){ref-type="fig"}C**). In contrast, when similar experiments were performed using PC3 cells, a PCa cell line that does not express PSMA, no fluorescence was observed in the cytoplasm of these cells (**Figure [1](#F1){ref-type="fig"}D**). Even after 48 hours of incubation, no cell-associated fluorescence was observed due to the lack of PSMA expression. When a PC3 cell line that stably expresses PSMA was used (PSMA(+) PC3 cells), internalization of the Folate-S-S-Doxo probe was regained. As in the case of LNCaP cells, internalization resulted in activation of the probe and fluorescent labeling of the cell cytoplasm within 12 hours (**Figure [1](#F1){ref-type="fig"}E**). As internalization was not observed in PC3 cells, but was observed in the PSMA-transfected PC3 cells, this suggested that the internalization and activation of the Folate-S-S-Doxo probe was mediated by the presence of transmembrane PSMA. This was further validated by the fact that the internalization of the probe in the PSMA(+) PC3 cells, was blocked by 2-PMPA (data not shown). 2-PMPA is a high affinity PSMA ligand that strongly binds to the active side of PSMA where the polyglutamated folate is cleaved.[@B34], [@B41] Within 24 hours of incubation, the activated doxorubicin was able to migrate to the nucleus where it induced cell death. As expected, cell death of the prostate cancer cells that express PSMA is observed within 24 hours indicating successful migration of the free doxorubicin into the nucleus of these PCa cells (**Figure [S1](#SM1){ref-type="supplementary-material"}A and S1B**). When these cells were pre-incubated with 2-PMPA, and then incubated with Folate-S-S-Doxo, no cell-associated fluorescence or cytotoxicity was observed, even after a 48 hour of incubation (**Figure [S1](#SM1){ref-type="supplementary-material"}C and S1D**). These results clearly indicated that the Folate-S-S-Doxo probe was internalized by LNCaP and PSMA(+) PC3 cells and became activated upon internalization. The observed internalization seems to be mediated by PSMA, as pre-incubation of the cells with the non-cleavable PSMA ligand (2-PMPA) blocked the internalization of the probe. Most importantly, as neither LNCaP nor PC3 cells express significant amounts of the folate receptor,[@B42] the observed internalization of the Folate-S-S-Doxo probe must have occurred via PSMA. The lack of cell surface expression of the folate receptor on the LNCaP and PC3 cells was further validated by flow cytometry (**Figure [S2](#SM1){ref-type="supplementary-material"}**) using an anti-folate receptor antibody. Taken together, these results showed that a folate ligand can be used to specifically target the binding and internalization of a folate-containing probe to PCa cells via PSMA.

Fabrication of the folate-conjugated HBPE nanocarriers
------------------------------------------------------

The HBPE nanocarriers were synthesized as described before and encapsulation of the therapeutic CT20p peptide was achieved as described in Material and Methods. In a typical experiment, a peptide loading of 3.5 nM CT20p per mL of nanoparticle suspension is achieved. To facilitate aqueous stability and to minimize non-specific binding, a short polyethylene glycol moiety (PEG) was conjugated to the nanocarrier\'s surface to facilitate aqueous stability. The folic acid was conjugated using ethylene diamine as a linker (**Figure [2](#F2){ref-type="fig"}A**) and typical water-based EDC/NHS bioconjugation chemistry. Our synthetic procedure yielded spherical Folate-HBPE(CT20p) nanocarriers of approximately 80 nm in size as determined by STEM (**Figure [2](#F2){ref-type="fig"}B**). The resulting suspension was stable in PBS (pH = 7.4) for months even after the folate ligand was conjugated to the nanocarrier\'s surface. The hydrophobic character of the CT20p peptide and DiI dye allows for a stable encapsulation into the hydrophobic pockets of the nanocarrier at physiological pH (7.4). However, at pH 5.0, the typical pH of the lysosome, the CT20p cargo is released in a time-dependent manner, starting to reach a plateau in 15 hours (**Figure [2](#F2){ref-type="fig"}C**). Release at acidic pH is likely facilitated by changes in the protonation of the polymer\'s carboxylic acid group within the nanoparticle that disturb hydrogen bonding and van der Waals interactions that stabilize the encapsulation of the CT20p peptide cargo, thus triggering release at lower pH. This is important because after endosomal uptake of Folate-HBPE(CT20p), CT20p would need to be released within the cells\' late endosome or lysosome to be effective and induce cell death. For the assessment of nanocarrier internalization by fluorescence microscopy and FACS, a fluorescent dye (DiI) was encapsulated into the HBPE nanocarrier during their synthesis, yielding Folate-HBPE(DiI). No significant change in nanoparticle size or aqueous stability was observed when DiI was encapsulated instead of CT20p.

Validation of a folate-conjugated nanocarrier \[Folate-HBPE(DiI)\] to target PSMA in PCa cells
----------------------------------------------------------------------------------------------

Next, we investigated if the HBPE nanocarrier conjugated with folate can bind and internalize into PCa cells via PSMA, similarly to the activatable Folate-S-S-Doxo fluorescent probe. In these experiments, the Folate-HBPE(DiI) nanocarriers were incubated with the prostate cancer cell lines to facilitate assessment of nanocarrier internalization by fluorescence microscopy and flow cytometry. Minimal fluorescence was observed in non-treated (control) LNCaP and PC3 cells, as expected (**Figure [3](#F3){ref-type="fig"}A**). In contrast, upon incubation of LNCaP cells with the Folate-HBPE(DiI), marked cell-associated fluorescence was observed by flow cytometry and fluorescence microscopy (**Figure [3](#F3){ref-type="fig"}B**). This cell-associated fluorescence was abrogated when the LNcaP cells were pre-treated with 2-PMPA (**Figure [3](#F3){ref-type="fig"}C**). Furthermore, minimal fluorescence was observed in PC3 cells upon incubation with Folate-HBPE(DiI) (**Figure [3](#F3){ref-type="fig"}D**) as these PCa cells do not express PSMA. However, when the PSMA transfected PC3 cells were incubated with the Folate-HBPE(DiI), significant cell associated fluorescence was observed (**Figure [3](#F3){ref-type="fig"}E**) that was abrogated by pre-incubation of the cells with 2-PMPA (**Figure [3](#F3){ref-type="fig"}F**). Next, a panel of cancer cell lines was tested for binding to Folate-HBPE(DiI) using flow cytometry and results were compared to those obtained using J591-fluorescein, a fluorescent labeled anti-PSMA antibody.[@B43] Results showed a correlation between the level of PSMA cell surface expression, judged by the levels of J591 antibody binding (**Figure [4](#F4){ref-type="fig"}A**) to the levels detected with the Folate-HBPE(DiI) NPs (**Figure [4](#F4){ref-type="fig"}B**). Both the LNCaP and PSMA(+) PC3 cell lines are fluorescently labeled by both the J591 antibody and the Folate-HBPE(DiI) nanoparticles. However, PC3, did not interact with either the folate-conjugated nanocarrier or the anti-PSMA antibody. Other non-prostatic cancer cell lines that do not express PSMA did not bind to either the Folate-HBPE(DiI) or the J591 antibody. These results demonstrate that targeting PSMA with Folate-HBPE(DiI) NPs allowed for discrimination between PSMA-positive and PSMA-negative cells similar to the J591 antibody, which binds outside of the catalytic side of the protein.[@B43]-[@B46] Taken together, these results validate the use of a folate ligand to address the binding and internalization of a polymeric nanocarrier to PSMA expressing PCa cells, releasing cargos inside the cell for imaging and/or therapeutic purposes.

PSMA-targeted and cancer-specific cytotoxicity of Folate-HBPE(CT20p) in PCa cell lines
--------------------------------------------------------------------------------------

To test the efficacy of the Folate-HBPE(CT20p) nanocarriers in LNCaP and PC3 prostate cancer cells, the endogenous levels of CCT, the cellular target of CT20p, were examined by detecting the CCT-β subunit. Results show that the prostate cancer cell lines, LNCaP, PC3 and PSMA transfected PC3 cell lines contain similar levels of the CCT-β protein by Western blot (**Figure [5](#F5){ref-type="fig"}A**). In addition, genomic analysis through the TCGA and cBioPortal databases indicate that the mRNA levels of CCT-β are essentially the same between the prostate cancer cell lines LNCaP and PC3**(Figure [5](#F5){ref-type="fig"}B)**, and that the gene for CCT-β (*cct2)*is amplified in patients with prostate cancer **(Figure [5](#F5){ref-type="fig"}C)**. These results indicate that both LNCaP and PC3 cell lines should be responsive to treatment with a CT20p therapy. However, if selective PSMA internalization is achieved using the Folate-HBPE(CT20p) nanocarriers, the PSMA-expressing cell lines (e.g.,LNCaP) would be more responsive that the cell line that do not express PSMA (e.g., PC3). Our results show that upon incubation of LNCaP cells with Folate-HBPE(CT20p), dose- (based on CT20p peptide) and time-dependent responses were observed, achieving cell death within **48 hours**with only a nanomolar (IC~50~ = 6 nM) concentration of the peptide (**Figure [6](#F6){ref-type="fig"}A, 6D**). Similar results were obtained with PSMA (+) PC3 cells (**Figure [6](#F6){ref-type="fig"}B, 6E**). As expected, no cytotoxicity was observed in PC3 cells due to the lack of PSMA expression on these cells (**Figure [6](#F6){ref-type="fig"}C, 6F**). Fluorescence microscopy studies of LNCaP and PSMA(+) PC3 cells incubated with Folate-HBPE(CT20p/DiI) nanocarrier that contains both CT20p and DiI, showed a significant amount of cell associated fluorescence and cell death that was abrogated by pre-incubation with 2-PMPA (**Supplementary Figure [S3](#SM1){ref-type="supplementary-material"})**. These results indicated that the Folate-HBPE(CT20p) can be used to specifically deliver CT20p to PCa cells via PSMA, achieving target-specific cell death that can be blocked by 2-PMPA. In addition, cell viability was measured by determining changes in cell membrane asymmetry and permeability using flow cytometry.[@B21] In this assay, the corresponding prostate cancer cells were first incubated with the Folate-HBPE(CT20p) at the IC~50~ dose (6.0 nM) and the cell\'s permeability was determined by the internalization and DNA-binding of a Sytox AADvanced dye. This dye is cell impermeable and non-fluorescent, but upon permeabilization of the cell (during late apoptosis or necrosis), the dye enters the dying cell and binds to DNA with an enhancement in the dye\'s fluorescence. Meanwhile, cell membrane asymmetry (apoptosis) was determine by incubation with the ratiometric probe (4\'-N,N-diethylamino-6-(N,N,N-dodecyl-methylamino-sulfopropyl)-methyl-3-hydroxyflavone, F2N12S). In combination, these two dyes were capable of distinguishing live from apoptotic or necrotic cells as indicated in **Figure [7](#F7){ref-type="fig"}A**. Results showed that in the untreated LNCaP cells 88% are alive, with only 12% of the cells undergoing cell death**(Figure [7](#F7){ref-type="fig"}B)**. The percent of LNCaP live cells were dramatically reduced to 28%, upon incubation with the Folate-HBPE(CT20p) NPs for 48 hours**(Figure [7](#F7){ref-type="fig"}C)**. Most of the treated LNCaP cells (69%) were apoptotic. Pre-incubation of the cells with 2-PMPA increased the levels of live cells to 77%, as internalization of Folate-HBPE(CT20p) was reduced by 2-PMPA binding to PSMA on the surface of LNCaP cells (**Figure [7](#F7){ref-type="fig"}D**).

Current cancer chemotherapeutics, such as doxorubicin and cisplatin, although highly effective, often affect not only cancer cells but also normal tissues inducing problematic sites effects.[@B47]-[@B49] In addition, cancer cells often develop resistance to these drugs rendering them ineffective.[@B48], [@B50] With the goal of reducing systemic, non-specific toxicity to normal tissues and drug resistance, these drugs have been either modified with targeting ligands or encapsulated into nanoparticles.[@B8], [@B36], [@B51]-[@B53] However, as cells of the immune system, such as macrophages, can uptake these nanoparticles, cell death to these cells often occurred upon uptake of nanoparticles carrying these drugs. In a representative experiment using RAW mouse macrophages, the viability of untreated cells (92%) was minimally reduced to 84% upon incubation of these cells with Folate-HBPE(CT20p) (**Figure [8](#F8){ref-type="fig"}A** and **8B**, respectively). In contrast, when macrophages were incubated with Doxorubicin, a dramatic reduction in the number of viable cells was observed with less than 1% of the cells being still alive, and most of the cells being apoptotic (24%) or necrotic (76%) (**Figure [8](#F8){ref-type="fig"}C**). Interestingly, when macrophages were incubated with Folate-S-S-Doxo, only 32% of the cells remained alive with most of them (64%) being necrotic (**Figure [8](#F8){ref-type="fig"}D**). These results are significant as they show that CT20p is cytotoxic to prostate cancer cells but not macrophages in contrast to doxorubicin which is cytotoxic to these cells in either preparation (with or without folate).

PSMA-specific reduction in the levels of cell surface integrin β1 (CD29) and cell adhesion
------------------------------------------------------------------------------------------

Previously, we reported that in a breast cancer cell model, CT20p induced a dramatic reduction in the levels of polymerized tubulin [@B22] and F-actin that triggers changes in the cell cytoskeleton and a reduction in the levels of cell surface integrin and cell adhesion, contributing to cell death.[@B21] Since cytoskeletal proteins interact with integrins and in prostate cancer integrins support metastasis and angiogenesis, mediating signals between the extracellular matrix and the actin cytoskeleton that enable invasiveness, we investigated if incubation of LNCaP cells with Folate-HBPE(CT20p) affected the levels of integrin β1. We selected this integrin as it has been found that integrin β1 (CD29) plays a key role in the metastatic progression of prostate cancer.[@B54] Assessing surface integrin levels by flow cytometry, we found no significant change in the levels of integrin β1 on PC3 cells incubated with Folate-HBPE(CT20p) as expected (**Figure [9](#F9){ref-type="fig"}A**). However, a significant decrease within 24 hours and an even larger decrease at 48 hours in the levels of integrin β1 is observed in PC3-PSMA(+) (**Figure [9](#F9){ref-type="fig"}B**) and LNCaP (**Figure [9](#F9){ref-type="fig"}C**) cells, respectively. These results correlate with decrease in the percentages of cell adhesion in the PSMA-expressing cells, but not in the PSMA-negative cells (**Figure [9](#F9){ref-type="fig"}D-[9](#F9){ref-type="fig"}F**) incubated with Folate-HBPE(CT20p) for 24 and 48 hours. These results also suggested that Folate-HBPE(CT20p), by inhibiting the protein-folding activity of CCT, could reduce the pool of cytoskeletal proteins and reduce integrin levels in prostate cancer cells to impair key aspects of metastasis, specifically cell adhesion and invasion in cancer cells that express PSMA. As PSMA expression has been detected not only in primary prostate cancer tumors, but also in prostate cancer metastatic lesions [@B31], [@B55], Folate-HBPE(CT20p) could have a promising use for the treatment of metastatic PCa. Taken together, these results showed that Folate-HBPE(CT20p) can selectively target PSMA expressing PCa cells, causing a reduction of CCT client proteins, among which are actin and tubulin, inducing cell detachment that is in large part mediated by a reduction in the levels of β1 integrin. These effects lead to targeted cell death (e.g. anoikis), potentially minimizing the cancer cell\'s ability to metastasize *in vivo*, while not being toxic to macrophages and other non-cancerous tissues.

*In vivo* targeting of Folate-HBPE(CT20p) and specific tumor regression of PSMA expressing prostate cancer tumor xenographs
---------------------------------------------------------------------------------------------------------------------------

The PSMA-specific targeting of the Folate-HBPE(CT20p) nanocarrier was tested *in vivo* using mice bearing PSMA(+) PC3 tumors. First, we studied the PSMA-targeting ability of HBPE nanocarriers containing a near infrared DiR dye (Folate-HBPE(DiR)) to assess for specific tumor targeting via PSMA. For these experiments, PSMA(+) PC3 cells (1 × 10^6^) were injected into the right flank of a nude male mice, while the same amount of wild type PC3 cells were injected into the left flank. Tumors were allowed to grow for a week. Then, an intravenous (IV) injection of Folate-HBPE(DiR) (2 mg/kg/dose), was administered to the mice. After 24 hours, mouse fluorescence imaging showed a strong fluorescence signal in the PSMA(+) PCa tumors, indicating selective delivery of the nanocarriers to the PSMA-expressing tumors (**Figure [10](#F10){ref-type="fig"}A**). No fluorescence was observed in wild type PC3 tumors, due to their lack of PSMA expression. This experiment was repeated twice to confirm that the fluorescent signal was restricted to the PSMA+ tumors obtaining similar results (**Figure [S4](#SM1){ref-type="supplementary-material"}A**). In addition, when mice were injected with HBPE(DiR) NPs with no folate conjugated on its surface, no tumor associated fluorescence was observed by mouse fluorescent imaging. (**Figure [S4](#SM1){ref-type="supplementary-material"}B**). These results suggested that the folate-conjugated HBPE nanocarrier can be used to selectively target PSMA-expressing PCa tumors *in vivo*.

Next, the PSMA-targeted anti-tumor effect of the Folate-HBPE(CT20p) was evaluated in mice bearing PSMA(+) and PSMA(-) PC3 tumors. A single intravenous (IV) treatment with Folate HBPE(CT20p) (2 mg/kg/dose or \~3.4 nM CT20p) caused significant reduction in the growth of the PSMA(+) PC3 but not the wild type PC3 tumors (**Figure [10](#F10){ref-type="fig"}B**), supporting the previous data in **Figure [10](#F10){ref-type="fig"}A**. A marked difference in the size of the excised tumors is observed with ultrasound imaging**(Figure [10](#F10){ref-type="fig"}B)**. Histological examination of excised tumor tissues by a pathologist revealed fragmentation and areas of necrosis in the PSMA(+) tumors (**Figure [S5](#SM1){ref-type="supplementary-material"}A**), not evident in the PSMA(-) tumors (**Figure [S5](#SM1){ref-type="supplementary-material"}B**) or in the liver or spleen (**Figure [S5](#SM1){ref-type="supplementary-material"}C and S5D**), supporting that the Folate-HBPE(CT20p) delivered their toxic cargo (CT20p) specifically to the PSMA(+) tumors with minimal damage to liver and spleen. A growth-curve of tumors in mice treated with Folate-HBPE(CT20p) showed a suppression of growth in the PSMA(+) tumors (**Figure [10](#F10){ref-type="fig"}C, black line**), while the PSMA(-) tumors did not respond to the treatment and continued growing (**Figure [10](#F10){ref-type="fig"}D**). Similar results were also observed in mice with LNCaP tumor, where injection of Folate-HBPE(CT20p) was able to control tumor growth, as opposed to the PBS-control (**Figure [11](#F11){ref-type="fig"}A**). Treatment of the PSMA-expressing tumor-bearing mice with Folate-HBPE(CT20p) did not affect their weight (**Figure [11](#F11){ref-type="fig"}B**) or normal behavior. As also observed in the PSMA(+) PC3 tumors, a mark difference in the size of the excised LNCaP tumors from the Folate-HBPE(CT20p)-treated mice was observed (**Figure [11](#F11){ref-type="fig"}C and [11](#F11){ref-type="fig"}D**). Biodistribution experiments using Folate-HBPE(DiR) in the LNCaP tumor model showed accumulation of nanoparticles at 24 hours in tumors, as well as in the liver, with less accumulation in other tissues (**Figure [S6](#SM1){ref-type="supplementary-material"})**.

Taken together, we have shown that folate conjugated polymeric nanocarrier can be used to target PSMA in PCa cells, delivering a cytotoxic peptide (CT20p) selective for cells that highly express CCT to induce PCa cell death.

Discussion
==========

PSMA is a unique prostate cancer specific target that has been largely investigated for the delivery of imaging and therapeutic agents to treat prostate cancer. Its overexpression in prostate cancer tissue and in the neovasculature of most solid tumors makes it an ideal target for cancer [@B31]. Its importance as a potential clinical therapeutic target is recapitulated by multiple clinical trials that use PSMA targeting to deliver small molecules or nanoparticle-based therapeutics to treat prostate cancer [@B56]-[@B59]. However, targeting PSMA has been facilitated mostly by anti-PSMA antibodies (e.g. J591 or 7E11) [@B59]-[@B63], PSMA aptamers [@B64], [@B65], glutamate ureas [@B66]-[@B69] and a few studies that reported the use of folic acid to target PSMA [@B70]-[@B73].

Herein, we engineered a multivalent folate conjugated hyperbranched polymeric nanoparticles as theranostic nanocarriers to deliver near infrared fluorescent dyes and a therapeutic peptide, CT20p, to prostate cancer cells via PSMA. CT20p is our therapeutic cargo that has been shown to selectively kill breast cancer cells by reducing the pool of CCT client proteins, leading to loss of actin and tubulin polymerization and changes in cytoskeletal architecture that in combination cause dramatic alterations in cancer cell morphology [@B20], [@B21]. Subsequently, these changes cause a decrease in the levels of cell surface integrins and a reduction in the degree of cell adhesion and migration, resulting in cell death. This cell death is independent of conventional apoptotic modulators, such as caspases or Bcl-2. [@B20] In this report, we showed that a multivalent folate-conjugated nanocarrier that encapsulated CT20p \[Folate-HBPE(CT20p)\] can induce PSMA-specific prostate cancer cell killing. The ability of PSMA to facilitate the binding and internalization of the folate conjugated nanoparticles is due to the ability of PSMA to bind and internalize folate-conjugated compounds, such as polyglutamated folates [@B74], [@B75]. This targeting approach to deliver therapeutics to prostate cancer is advantageous, as PSMA is not only expressed in the primary PCa tissue but also its metastatic lesions [@B27], [@B32]. Furthermore, CT20p is cytotoxic to cancer cells that highly express its target, CCT, and less toxic to healthy tissues with lower basal levels of CCT, including macrophages, spleen and liver tissue. This is important as most of the toxicity associated with current chemotherapeutics (e.g., doxorubicin, among others) is due to their uptake and killing in healthy cells.[@B47] As CT20p only affects cells highly expressing CCT, non-specific binding of Folate-HBPE(CT20p) to normal tissue and circulating blood cells that express the folate receptor would cause minimal damage. This contrasts with Doxorubicin, which we showed that kills macrophages at comparable concentration. The depletion of cells of the immune system such as macrophages, white and red cells has been implicated to some of its toxic side effects.[@B47], [@B76] As our folate-nanocarriers can be taken up by these immune cells, the use of a cancer-specific agent like CT20p and a therapeutic anticancer cargo is highly advantageous.

Our results show that by targeting the delivery of a cancer-specific therapeutic peptide (CT20p) to prostate cancer cells using PSMA, a dual level of cancer specificity is achieved. First, by using a nanoparticle delivery system that targets PSMA, selective targeting to prostate tumors is achieved with minimal accumulation in healthy tissue. Second, yet another level of cancer specificity is achieved by selecting a therapeutic cargo that is toxic only to cancer cells with elevated levels of CCT. In this way, even if non-specific uptake by healthy cells occurs, minimal damage will occur as the cargo (CT20p) is specific only to cells with increased CCT. In combination, this dual level of cancer killing-specificity could result in fewer side effects. Animal studies show that the Folate-HBPE(CT20p) can target PSMA and *in vitro* cell culture studies corroborate the specificity of the PSMA targeting as 2-PMPA, a high affinity PSMA ligand, blocks the internalization of these nanocarriers. In addition, uptake of these nanocarriers is observed in LNCaP cells that highly express PSMA, but not in PC3 that lack expression of this surface protein. Most importantly, when PC3 cells that were genetically modified to express PSMA are used, uptake of the Folate-HBPE(CT20p) is abrogated by pre-incubation of 2-PMPA. Internalization of the folate-conjugating nanocarrier is not facilitated by the folate receptor as the prostate cancer cell lines used in this study (LNCaP and PC3) has been reported to express low amounts of folate receptors (FOLR) [@B77]. Furthermore, comparison of the PSMA vs. FOLR gene expression levels in these cells using a public gene expression database (CAportal), corroborate a 3-fold higher expression of PSMA in LNCaP cells, compared to PC3 (**Figure [S7](#SM1){ref-type="supplementary-material"}**). The expression levels of the FOLR 1, 2, and 3 receptors are low in both LNCaP and PC3 cells. Taken together, with the fact that similar results are observed with a Folate-S-S-Doxo activatable probe, these results further indicate that uptake of the folate conjugated probes was facilitated by PSMA.

Incubation of the PSMA-positive prostate cancer cells with Folate-HBPE(CT20p) induces considerable changes in cell morphology, as evident by fluorescence microscopy images, triggering cell detachment and eventual cell death. Meanwhile, no changes are observed in PSMA-negative PC3 cells, even when these cells also expressed CCT-beta, the intracellular target of the therapeutic cargo CT20p. This is further proof of the PSMA-mediated internalization of our Folate nanocarrier that induces specific cell killing in PSMA-expressing. In addition, a reduction in the levels of integrin β1 is observed within 24 h. These results are important as integrin β1 plays a key role in prostate cancer invasion and metastatic potential [@B54]. Therefore, developing a targeted therapeutic agent that reduce the levels of this integrin in prostate cancer such as Folate-HBPE(CT20p) could not only reduce the viability of these cells but reduce their ability to metastasize *in vivo*. Studies are underway to test this hypothesis.

Materials and Methods
=====================

All chemical and reagents were analytical grade and used as supplied without further purification. Acetonitrile**,**dimethyl sulfoxide, dimethylformamide, N-hydroxysuccinimide (NHS) and doxorubicin hydrochloride (Doxo), poly-D-lysine hydrobromide were purchased from Sigma-Aldrich. 1-ethyl-3-\[3-(dimethy- lamino)propyl\] carbodiimide hydrochloride (EDC) was obtained from Pierce Biotechnology. Near Infrared dyes (DiI or DiR), 6-diamidino-2-phenylindole (DAPI), puromycin, Sytox AAdvanced and F2N12S Violet Ratiometric Apoptosis kit were purchased from Invitrogen. Dialysis membranes (MWCO 6-8K, 23 mm Flat-width) were obtained from Spectrum Laboratories. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was purchased from 2-PMPA was obtained from Tocris. Invitrogen. PC3 cells and LNCaP cells and RAW 264.7 cells were obtained from American Type Culture Collection (ATCC, Manassas, VA). PSMA (+) PC3 cells were obtained from Dr. Jam Grimm (Memorial-Sloan Kettering Cancer Center, MSKCC, New York, NY). Dulbecco\'s Modified Eagle\'s Medium (DMEM), Ham\'s F-12K (Kaighn\'s), RPMI-1640 basal media, trypsin, penicillin-streptomycin, were acquired from Cellgro and FBS, fetal bovine serum, from American Type Culture Collection. The PE-labeled mouse antihuman CD29 was from BD Bioscience, the Folate Receptor Polyclonal antibody was from Thermo Fisher, and the anti CCTβ monoclonal antibody was from Millipore. The peptide CT20p (Ac-VTIFVAGVLTASLTIWKKMG-NH2), was commercially synthesized (Biopeptide Co., Inc, San Diego, CA, USA) at \> 98% purity. Foxn1nu/Foxn1nu nude mice purchased form Charles River. Holey carbon-coated copper 400-mesh grid was acquired from SPI supplies.

Synthesis and Characterization of Folate-Conjugated HBPE Nanoparticles
----------------------------------------------------------------------

The HBPE polymer was synthesized as previously described.[@B52], [@B20] The HBPE nanoparticle encapsulating either a fluorescent dye (DiI or DiR) or the therapeutic peptide CT20p were fabricated by the solvent diffusion method.[@B52], [@B20] In brief, 5 μL of a 10 μg/μL of CT20p or fluorescent dye solution in DMF were mixed with a solution containing 15 mg of HBPE polymers in 250 μL of DMF. The resulting solution of HBPE polymer and cargo (dye or peptide) in DMF was added drop-wise to deionized water (5 mL) under continuous stirring at room temperature. The resulting HBPE nanoparticles were dialyzed (MWCO 6-8K) in ultra-pure water first and then PBS solution (pH = 7.4), before sterilized using 0.22 µm pore size filter.

To conjugate the nanoparticles with folate, folic acid was first conjugated with ethylene diamine to yield aminated folate following a procedure previously described [@B78]. Then, the carboxylated nanoparticles were PEGylated with Carboxy-PEG~4~-Amine (10mmol) via EDC/NHS chemistry. Specifically, a 200 μL solution of 10 mmol of EDC in MES buffer (pH=6.1) was added dropwise to an aqueous solution containing 1.0 mol of carboxylated HBPE nanoparticles. Followed by, the dropwise addition of 10 mmol NHS in 200 μL MES buffer. After 3 min incubation at room temperature, 200 μL of a solution of 10 mmol of Carboxy-PEG~4~-Amine in water was added dropwise and followed by continuous stirring for 3 h. The resulting PEGylated-HBPE nanoparticles were purified by dialysis (MWCO 6-8K) against ultrapure water and a PBS solution (pH = 7.4), before subsequent conjugation with aminated folate (10 mmol) via EDC/NHS chemistry, following a procedure similar to the one followed for the conjugation of Carboxy-PEG~4~-Amine. The Folate-Peg~4~-HBPE nanoparticles encapsulating either CT20p or a fluorescent dye were dialyzed in PBS and sterilized using a 0.22 µm pore size filter (Millipore). Preparations were stored at 4°C. Dynamic light scattering and zeta potential analysis of the folate decorated nanoparticles preparations were performed using a Zetasizer Nano ZS from Malvern Instruments. In addition, the shape of the nanoparticles was analyzed by Scanning Transmission Electron Microscopy (STEM) using a Zeiss ULTRA-55 FEG SEM instrument with STEM detector samples for STEM were prepared on a copper grid.

*In Vitro* Drug Release
-----------------------

The stability of encapsulation at physiological pH and the assessment of the CT20p release from the nanoparticle at low pH were analyzed using a dynamic dialysis technique describe before.[@B51] Briefly, 100 μL of HBPE nanoparticles were placed in a dialysis bag (MWCO 6-8 K) and dialyzed against a PBS solution (pH 7.4 or 5). The amount of released CT20p was determined at different time points within a period of 24 hours by analyzing 1 mL aliquots by absorbance at 280 nm due to the presence of tryptophan (W) in the peptide. The concentration of the CT20p was estimated using a calibration curve. The percentage of cumulative release was calculated applying the following equation:

where \[cargo\]*~t~* is the amount of CT20p released at time *t*, and \[cargo\]*~total~* is the total CT20p present in the HBPE nanoparticles.

Cell Culture
------------

PC3 cells were grown in Ham\'s F-12K (Kaighn\'s) medium (F12K) supplemented with 10% FBS and 1% penicillin-streptomycin, whereas PSMA (+) PC3 cells were maintained in F12K basal medium supplemented with 10% FBS, 1% penicillin-streptomycin and 0.05% puromycin was added to ensure the selection of the cell line. LNCaP cells were maintained in RPMI-1640 basal medium supplemented with 10% FBS and 1% penicillin-streptomycin. RAW 264.7 cells were grown in Dulbecco\'s Modified Eagle\'s Medium (DMEM) modified to contain 4 mM L-glutamine, 4500 mg/L glucose, 1 mM sodium pyruvate, and 1500 mg/L sodium bicarbonate, 10% FBS and 1% penicillin-streptomycin. All cell lines were maintained at 37 °C, 5% CO~2~ in a humidified incubator.

Cellular Uptake of Folate-S-S-Doxo
----------------------------------

For these experiments, fifty thousand cells (PC3 cells, PSMA(+) PC3 cells or LNCaP cells) were seeded in a 24 well plate (200 mm^2^) and grown overnight, before treatment. The cells were incubated with Folate-S-S-Doxo (1.2 μM) at 37 °C, 5% CO~2~ in a humidified incubator for 12 h and 24 h. Subsequently, the cells were washed three times with 1X PBS and fixed with 4% paraformaldehyde in 1X PBS and stained with DAPI (1 mg/mL) for 10 min. The cells were washed and examined by fluorescence microscopy at the corresponding time points.

Inhibition of Cellular Uptake of Folate-HBPE Nanoparticles
----------------------------------------------------------

To corroborate receptor-mediated uptake of the Folate-HBPE(DiI) NPs, PC3, PSMA(+) PC3 and LNCaP cell lines were seeded on a 35-mm culture plate. When the cells reached \~50% confluence, the plates were treated Folate-HBPE(DiI) (0.07 mg of HBPE nanoparticles/1.5 mL) and incubated at 37 °C in 5% CO~2~for 24 h. The PSMA receptor inhibitor, PMPA, was added an hour prior treatment in excess, 100X treatment amount (\~1 μM PMPA), if applicable. After incubation, the cells were washed twice with 1X PBS and fixed with a 4% paraformaldehyde solution followed by nuclei staining with DAPI. The uptake of the cells was examined with a florescence microscope equipped with a 10x or 40x objective. Likewise, PSMA-mediated cell internalization of Folate-HBPE(DiI) NPs was assessed by FACS. PC3, PSMA(+) PC3 or LNCaP cells were grown and treated as described above. After incubation, the media was collected and 500 μL of 0.05% trypsin were added and incubated until cell detachment was observed. Both fractions were combined and centrifuged at 1000 rpm; the cell pellets were collected and suspended in 1X PBS. All cellular suspensions (1x10^6^cells/ml) were examined by flow cytometry and assayed using the Folate-HBPE(DiI) and Ethidium bromide (EtBr). Fluorescence was measured at 616 nm for EtBr and at 565 nm for Dil. The acquisition number of the cells was set at 10,000. Analysis of data was done using FSC Express software (DeNovo).

Immunoblotting
--------------

To screen for the presence of CCT-β in the studies cell lines. Cell lysate were obtained by mechanical homogenation in a 210 mM sucrose, 70 mM mannitol, 10 mM HEPES, 1 mM EDTA buffer, pH 7.4. Cell lysates were centrifuged at 1,000xg for 10 minutes and the supernatant were runby SDS-PAGE before transferred to an immunobilon-FL membrane (Millipore). The blot was first probed with a primary antibody against CCT-β (Millipore), followed by a IRDye 800CW secondary antibody (LI-COR). The blot was then imaged on an Oddysey detection system, 800 nm channel (LI-COR). For total protein quantification, the REVERT Total Protein Stain kit (LI-COR) was used following manufacturer protocol and imaged on an Oddysey detection system, 700nm channel (LI-COR).

MTT Assay
---------

MTT cell viability assay was used to test the effect of Folate-HBPE(CT20p) nanoparticles on the cell proliferation of PC3, PSMA(+) PC3 and LNCaP cell lines. Specifically, all cell lines (2,500 cells/well) were seeded in 96-well plate and incubated with the nanoparticles at indicated concentrations for 24 h at 37°C, 5% CO~2~. Afterwards, each well was washed three times with 1X PBS and treated with 20 μL of MTT solution (5 μg/μL) for 4 h at 37°C, 5% CO~2~. The resulting formazan crystals were dissolved in acidified isopropanol (10:1 isopropanol:0.1 N HCl) at room temperature and the absorbance was measured at 570 nm using a Synergy HT multi-detection microplate reader. These experiments were performed in triplicates and the control experiments were carried out in the same way as described above, except that no treatment was added. The percentage of cell survival as a function of CT20p concentration was later plotted to determine the relative IC~50~ value, which stands for the CT20p concentration needed to prevent cell proliferation by 50%.

Flow Cytometry
--------------

Short-term cell survival was assessed using the flow cytometry based SYTOX® AADvanced™ and Violet Ratiometric Membrane Asymmetry Probe, 4\'-N,N-diethylamino-6-(N,N,N-dodecyl-methylamino-sulfopropyl)-methyl-3-hydroxyflavone (F2N12S) from ThermoFisher ,and used according to manufacturer\'s protocol. Briefly, RAW 264.7, PC3, PSMA(+) PC3 or LNCaP cells were seeded in on a 35-mm plates at a density 3 × 10^5^ cells/well and grown until reaching confluence (\~50%). Plates were treated with Folate-HBPE(CT20p) (7 nM), Doxo (1.2 μM), Doxo-S-S-Folate (1.2 μM) or controls and incubated at 37 °C in 5% CO~2~for a 48 h. If applicable, an excess PMPA (\~1 μM) was added an hour prior treatment. Media were collected and 500 μL of 0.05% trypsin was added and incubated until cell detachment. Both fractions were combined and centrifuged at 1000 rpm, the cell pellets were collected and suspended in 1X PBS. The cellular suspensions were assayed using the SYTOX® AADvanced™ assay, using an excitation wavelength of 488 nm and emissions of 695 nm. Membrane asymmetry was assessed using the Violet Ratiometric Membrane Asymmetry Probe/Dead Cell Apoptosis Kit. The acquisition number of the cells was set at 10,000. Data was collected using the BD FACS Canto flow cytometer and the analysis of data was done using FSC Express software (DeNovo).

Cellular Adhesion Assay
-----------------------

A standard crystal violet adhesion assay was done as previously described by MJ. Humphries [@B79]. Plates were used uncoated for PC3 and PSMA(+) PC3 cell lines and coated (1.0 mL/25 cm^2^of a 10 μg/mL solution of poly-D-lysine) for LNCaP. All cell lines were seeded in 96 well plates at a density of 15,000 cells/well followed by incubation with Folate-HBPE(CT20p) (7 nM) for 6 h, 24 h and 48 h. Afterwards, cells were allowed to gently shake for 15 sec, fixed using 4% paraformaldehyde and stained using an aqueous solution of crystal violet (5 mg/ml). Absorbance at 595 nm was read on a Synergy HT multi-detection microplate reader (Biotek).

Measurement of Cell Surface Integrin Expression
-----------------------------------------------

PC3, PSMA(+) PC3 and LNCaP cells were treated with Folate-HBPE(CT20p) NPs (7 nM) for 24 h and 48 h. Next, the cells were trypsinized, washed with 5% FBS in PBS 1X and stained with PE labeled mouse anti-human CD29 and corresponding PE isotype control. Data was acquired with an Accuri C6 flow cytometer and analyzed using FCS Express software.

*In vivo* Studies
-----------------

For *in vivo* experiments, 1.5 million cells in 100 μL matrigel/media (1:1) mixture were delivered subcutaneously into the flank region of 6-10 week-old males, Foxn1nu/Foxn1nu nude mice. Tumor volume and growth was evaluated by ultrasound (Visual Sonics Vevo 2100; Toronto, Canada) and caliper measurements. Tumor volume was determined as described by Tomayko *et al.*[@B80] For studies using PC3 tumor mouse models, the number of mice used was 3 per group (n=3). For studies using LNCaP tumor models, the number of mice per group was n=4. In all experiments, tumor bearing mice received 100 μL of 1mg/kg of either Folate-HBPE (CT20p) NPs, control HBPE (CT20p) NPs or 100 ul PBS intravenously. The 1-mg amount was calculated based on the amount of CT20p in the nanoparticle. For tissue staining, a standard Hematoxylin and Eosin (H&E) protocol was implemented. A board certified pathologist performed the histological examination. Mice were weighed at the completion of the experiment. Tumors were removed and weighted as well. This study was prepared in understanding with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The Institutional Animal Care and Use Committee at the University of Central Florida approved the animal study protocol.

Statistical analysis
--------------------

Representative experiments are shown with at least three technical replicates. For animal studies, statistical calculations were performed using GraphPad Prism software (GraphPad). Statistical significance was defined as P \< 0.05. Interrogation of The Cancer Genome Atlas (TCGA) database was accomplished using the websource cBioPortal for Cancer Genomics (<http://cbioportal.Org>).[@B81], [@B82]
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![(**A**) Chemical structure of a cleavable Folate-Doxorubicin probe. (**B**) Mechanism of fluorescent activation upon PSMA-mediated cell internalization. The fluorescence of Doxorubicin (Doxo) is quenched by the close proximity of the folic acid (folate) ligand that act as both quencher and targeting ligand. Upon PSMA-mediated internalization of the probe, the disulfide bond that links Doxo and Folate is cleaved by reduced glutathione in the cytoplasm, activating the fluorescence of doxorubicin. Fluorescence microscopy images of (**C**) LNCaP, (**D**) PC3 and (**E**) PSMA(+) PC3 prostate cancer cell lines upon a 12 hour incubation with the activated probe Folate-s-s-Doxo (1.2 uM at 37C). Internalization and fluorescence activation of the probe is observed in the PSMA expressing PCa cells (LNCaP and PSMA(+) PC3), but not in wild type PC3, that does not express PSMA.](thnov07p2477g001){#F1}

![(**A**) Diagram depicting the conjugation of folate to HBPE(CT20p) NPs using ethylene diamine as a non-cleavable linker. For clarity, only one ligand is depicted attached to the nanoparticle, but multiple folate ligands are attached, yielding a multivalent folate conjugated nanoparticle (**B**). Scanning transmission electron micrograph (STEM) image of the Folate-HBPE(CT20p) NPs. (**C**) Release profile of the CT20p peptide from the HBPE nanoparticle at pH 5.0 and 7.4. The stability of CT20p encapsulation at physiological pH is shown by the lack of peptide release at pH 7.4. However, at pH 5, the typical lysosomal pH, a time-dependent release of the peptide is observed.](thnov07p2477g002){#F2}

![Assessment of targeting and PSMA-mediated cell internalization of Folate-HBPE(DiI)-NPs by flow cytometry analysis. (**A**) Control, non -treated LNCaP and PC-3 (inset) cell lines, (**B**) LNCaP, (**C**) LNCaP pre-treated with PMPA. (**D**) PC-3, (**E**) PSMA(+) PC-3, (**F**) PSMA(+) PC-3 pre-treated with PMPA. Inset in B-E: Fluorescence microscopy images of the corresponding cells. Internalization of Folate-HBPE(DiI)-NPs and fluorescence labeling is observed in the PSMA expressing PCa cells (LNCaP and PSMA(+) PC3), but not in wild type PC3, that does not express PSMA.](thnov07p2477g003){#F3}

![Cell associated fluorescence of various tumor cell lines upon incubation with an anti-PSMA antibody (Fluorescein-J591) (**A**) or Folate-HBPE(DiI) (**B**). Note the strong cell associated fluorescence in the cell lines treated with either the anti-PSMA antibody or the folate nanoparticle, indicating that the folate nanoparticle can discriminate between cells that express PSMA from those that do not.](thnov07p2477g004){#F4}

![(**A**) Levels of CCTβ protein in LNCaP, PC3 and PSMA(+) PC3 cell lines by Western Blot analysis. Green bands indicate the presence of CCT-β in the samples. Red bands indicate total protein stain, loading control. (**B**) Genomic analysis of CCTβ mRNA levels in LNCaP, PC3 cell lines and (**C**) patients with neuroendocrine prostate cancer. Genomic analysis was performed using a Prostate Cancer TCGA database.](thnov07p2477g005){#F5}

![Dose- (**a** - **c**) and time- (**d** - **f**) dependent cytotoxicity assay (MTT) of prostate cancer cells treated with Folate HBPE(CT20p)-NPs and Folate-HBPE. LNCaP (**A**,**D**), PSMA(+) PC3 (**B**,**E**) and PC3 (**C**,**F**). A reduction in cell viability is observed in the cells that express PSMA when treated with Folate HBPE(CT20p)-NPs.](thnov07p2477g006){#F6}

![Cell viability assay via the assessment of cell membrane permeability (SYTOX AADvanced staining) and cell membrane asymmetry (F2N12S dyes staining). (**A**) Diagram showing the quadrants representing the population of viable (live), apoptotic and necrotic cells based on the relative uptake of Sytox and F2N12S. As cells undergo apoptosis and necrosis, they will become more permeable and lose membrane symmetry, resulting in shifting of the cell population to the left and up. (**B**) Untreated LNCaP cells, control. (**C**) LNCaP cells treated with Folate-HBPE(CT20p). (**D**) LNCaP cells pre-incubated with PMPA and then treated with Folate-HBPE(CT20p). Incubation time is 48h in all experiments.](thnov07p2477g007){#F7}

![Cell viability (Sytox AADvanced/F2N12S) assay of: (**A**) untreated mouse macrophages (RAW), control, (**B**) RAW cells treated with Folate-HBPE(CT20p), (**C**) RAW cells treated with doxorubicin (**D**) RAW cells treated with Folate s-s-Doxo. Incubation time is 48h in all experiments.](thnov07p2477g008){#F8}

![Levels of integrin β1 (CD29) in: (**A**) PC3, **(B**) PSMA(+) PC3 and (**C**) LnCaP cells treated with Folate-HBPE(CT20p). Corresponding cells were incubated with an anti-integrin β1 antibody conjugated with a phycoerythrin fluorescent dye. Binding to the corresponding cells was determined by flow cytometry to assess the levels of cell surface integrin β1 in the corresponding cells. UNT CTRL (red lines) represent the level of fluorescence of the corresponding to the untreated cells and correspond to the basal levels of integrin β1 on the cells surface. Isotype CTRL (black lines) represent the level of fluorescence corresponding to the non-specific binding of an antibody that does not bind to integrin β1. Upon incubation of the corresponding cells with Folate-HBPE(CT20p), a decrease in the levels of cell surface integrin β1 was determined by a movement to the left of the fluorescence peak, toward the Isotype CTRL peak. Corresponding percentages of cell adhesion in (**D**) PC3, (**E**) PSMA(+) PC3 and (**F**) LnCaP cells treated with Folate-HBPE(CT20p), determined using a crystal violet assay.](thnov07p2477g009){#F9}

![Targeting and treatment of prostate cancer tumors expressing PSMA with Folate-HBPE(CT20p). Mice (n=3) were injected subcutaneously (SC) with PSMA (+) (right flank) or PSMA(-) (left flank) prostate cancer cells. Upon tumor detection (\~2 weeks), mice were injected intravenously (IV) with Folate-HBPE-NPs (2mg/kg/dose) containing (**A**) DiR, a near IR dye or (**B**) CT20p. Mice were imaged after 24 hours using a fluorescence *in vivo* imaging system (IVIS) to assess the specific targeting of the folate conjugated nanoparticles to PSMA expressing tumors (**A**). Ultrasound imaging was performed to assess tumor regression of mice treated with the Folate-HBPE(CT20p). Growth curves of (**C**) PSMA(+) PC3 or (**D**) wild type PC3 tumors with or without treatment with Folate-HBPE(CT20p).](thnov07p2477g010){#F10}

![(**A**) Growth curves of LNCaP tumors treated with Folate-HBPE(CT20p) or PBS. (**B**) Average weight of the PBS-treated and Folate-HBPE(CT20p) treated mice (n = 4) at the end of the experiment. (**C**) Tumor size comparison after necropsy. (**D**) Average weight of the PBS-treated and Folate-HBPE(CT20p) tumors at the end of the experiment.](thnov07p2477g011){#F11}
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